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 RESUMO 
 
O dente e o periodonto são continuamente submetidos a forças mecânicas capazes de estimular 
processos de remodelação óssea. Entretanto, sobrecargas mecânicas direcionadas aos tecidos 
periodontais podem promover alterações patológicas, como perda óssea e reabsorção radicular. 
Com o objetivo de avaliar a resposta mecanobiológica do tecido dental radicular, em primeiro 
molar inferior de ratos, submetidos à condição experimental de trauma oclusal dental, foram 
utilizados quinze ratos machos Wistar, aleatoriamente, divididos em dois grupos, sendo um 
grupo experimental (n=10) e outro o controle (n=5). O grupo experimental recebeu um 
dispositivo de resina e fragmento de fio ortodôntico em primeiro molar superior direito, para 
estabelecer condição de trauma oclusal. O grupo experimental foi divido em dois subgrupos, 
conforme a data da eutanásia, que foi de 7 dias (n=5) e de 14 dias (n=5), após a instalação do 
dispositivo de trauma. O grupo controle não foi submetido à trauma oclusal e seus indivíduos 
foram eutanasiados no 14º dia, juntamente com um subgrupo experimental. Foram obtidas 
amostras histológicas dos primeiros molares inferiores direitos e do periodonto dos ratos. Foi 
construído o modelo de elementos finitos para simulação de sobrecarga oclusal (40 N) e para 
simulação de oclusão normal (20 N). Os resultados demonstraram compatibilidade no padrão 
de reabsorção radicular externa da análise histológica e a análise com elementos finitos. As 
áreas de cemento mais afetadas foram em região de furca e de raiz distal de primeiros molares 
inferiores direitos, no grupo experimental. No grupo controle não houve alteração significativa. 
A presente avaliação mecanobiológica comparativa entre os achados da análise de elementos 
finitos e os achados histológicos mostram semelhanças entre áreas afetadas pelas deformações, 
computacionalmente, simuladas e as áreas de reabsorção radicular externa. Além das 
sobrecargas oclusais, outras variáveis como a morfologia raiz do dente e os movimentos 
mandibulares parecem interferir nas respostas biomecânicas. 
 
Palavras-chaves: Oclusão dentária traumática; Análise de elementos finitos; Reabsorção 
radicular. 
  
 ABSTRACT 
 
Tooth and periodontium are continuously subjected to mechanical forces capable of stimulating 
processes of bone remodeling. However, mechanical overloads directed to the periodontal 
tissues can promote pathological alterations, such as bone loss and root resorption. In order to 
evaluate the mechanobiological response of dental root tissue in the first molar of rats submitted 
to the experimental condition of occlusal dental trauma, fifteen male Wistar rats were randomly 
divided into two groups, an experimental group (n=10) and the control group (n=5). A set of 
resin and fragment of orthodontic wire was placed in the upper right first molar of each rat of 
the experimental group, in order to establish occlusal trauma condition. The experimental group 
was divided into two subgroups, according to the date of euthanasia, which was 7 days (n=5) 
and 14 days (n=5), after the installation of the traumatic device. The control group was not 
submitted to occlusal trauma and their subjects were euthanized on the 14th day, together with 
an experimental subgroup. Histological samples were obtained from the lower right first molars 
and the periodontium of the rats. The finite element model was used to simulate occlusal 
overload (40 N) and to simulate normal occlusion (20 N). The results demonstrated 
compatibility between the pattern of histological external root resorption and the finite element 
analysis. The most affected areas were furcation region and distal root cementum of lower right 
first molars, in the experimental group. There was no significant change in the control group. 
The present comparative mechanobiological evaluation between the findings of the finite 
element analysis and the histological findings shows similarities between areas affected by high 
compressive strains, computationally, simulated and the areas of external root resorption. In 
addition to occlusal overloads, other variables such as tooth root morphology and mandibular 
movements may interfere with biomechanical responses. 
 
Keywords: Traumatic dental occlusion; Finite Element Analysis; Root resorption. 
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1 INTRODUÇÃO 
Anatomicamente, o periodonto é constituído por tecidos de recobrimento e de 
suporte do dente: gengiva, ligamento periodontal, cemento e osso alveolar. Fisiologicamente, 
ele é dividido em duas partes: a gengiva, cuja principal função é proteger os tecidos subjacentes, 
e o aparato de inserção, composto pelo ligamento periodontal, cemento e osso alveolar 
(Newman et al., 2011). 
Embora o cemento seja um tecido mineralizado intimamente unido à dentina, ele é 
considerado como parte do periodonto porque, juntamente com o osso, serve de ancoragem 
para as fibras do ligamento periodontal (Newman et al., 2011). 
A homeostasia do periodonto de inserção ocorre por contínuos processos de 
remodelação óssea, que consiste na reabsorção do tecido ósseo mineralizado e aposição de nova 
matriz (Foster et al., 2017). Do ponto de vista microscópico, essa homeostasia é o equilíbrio 
dinâmico entre as atividades de osteoblastos e osteoclastos que mantém a fisiologia normal do 
osso alveolar e da raiz do dente (Yusof e Ghazali, 1989; Hefti, 1993; Foster et al., 2017). 
Ao passo em que o processo de remodelação é contínuo no osso alveolar, o cemento 
radicular não sofre remodelação, ocorrendo, no entanto, lenta deposição mineralizada em sua 
superfície, ao longo da vida (Berkovitz et al., 2004; Kumar, 2013; Yamamoto et al., 2016). O 
desequilíbrio fisiológico no periodonto de inserção pode resultar tanto em reabsorção óssea 
quanto em reabsorção radicular externa, com a perda de cemento e dentina (Yusof e Ghazali, 
1989). 
No que concerne a reabsorção radicular, há duas funcionalidades bem delimitadas: 
reabsorção radicular fisiológica e reabsorção radicular patológica (Gunraj, 1999; Cholia et al., 
2005). 
Nesse sentido, a esfoliação dos dentes decíduos decorre como resultado de 
reabsorção radicular fisiológica, mediada por odontoclastos (Harokopakis-Hajishengallis, 
2007). Esse mecanismo é tido como resultante da tensão causada pelos dentes em processo de 
erupção sobre as raízes dos decíduos (Yusof e Ghazali, 1989; Cholia et al., 2005). A reabsorção 
radicular fisiológica é cíclica, alternando sua ocorrência com períodos de tentativa de reparação 
tecidual, até que ocorra grande mobilidade do dente decíduo e sua completa esfoliação. Por 
outro lado, o processo de reabsorção radicular em dentes permanentes é dependente de 
condições patológicas (Cholia et al., 2005). 
A reabsorção do cemento pode ocorrer em condições patológicas por ação de 
cementoclastos mononucleados ou por células gigantes multinucleadas, encontradas 
19 
 
 
 
frequentemente em lacunas de Howship, na superfície cementária. Embora a origem dos 
cementoclastos ainda seja desconhecida, é possível que surjam da mesma maneira como os 
osteoclastos (Kumar, 2013), que dependem de modulação proteica do sistema 
RANK/RANKL/OPG para promoverem o processo de remodelação óssea (reabsorção e 
aposição) (Boyce e Xing, 2007). 
A reabsorção radicular patológica depende, basicamente, de fatores locais (por 
exemplo: força ortodôntica excessiva, sobrecarga oclusal, pressão de dentes impactados ou 
supranumerários sobre outros dentes, tumores e cistos, infecção periapical de origem pulpar, 
granuloma periapical, doença periodontal, após reimplantação de dentes avulsionados, entre 
outras causas) ou de condições sistêmicas (por exemplo: hipoparatiroidismo, 
hiperparatiroidismo, doença de Paget, radioterapia, entre outras causas). Porém, há casos em 
que os estudos dessas causas não conduzem a um diagnóstico que estabeleça alguma correlação, 
sendo, assim, consideradas reabsorções idiopáticas (Newman, 1975; Andreasen, 1985; Yusof e 
Ghazali, 1989; Cholia et al., 2005; Lins et al., 2018). 
A reabsorção radicular patológica é a perda de tecido mineralizado da dentina e/ou 
do cemento, que, quanto à etiologia, pode ser idiopática ou resultante de trauma dental, 
infecções da polpa, lesões ósseas, movimentação ortodôntica, dentes impactados, entre outras 
causas. Quanto à superfície do dente que foi acometida, essas reabsorções podem ser: interna 
ou externa (Lins et al., 2018). 
O contato oclusal prematuro e o trauma oclusal, com ou sem infecção, podem 
causar inflamação que resultam em dor pulpar (Edens et al., 2016). Essas alterações da oclusão 
são consideradas um dos fatores etiológicos da hipersensibilidade da dentina, hipótese 
confirmada em indução experimental em humanos (Ikeda et al., 1998). 
Fujii et al. (2014) desenvolveram um modelo experimental para investigar a 
resposta dos tecidos periodontais submetidos à força oclusal excessiva, em ratos. O modelo 
consistia em estabelecer condição de trauma oclusal em molares de ratos, pela inserção de pino 
metálico (parafuso) em primeiro molar superior e pelo concomitante incremento na altura da 
cabeça do parafuso, estabelecendo uma altura total de 0,5mm. Esses autores analisaram 
resultados experimentais de 4, 7 e 14 dias, além do grupo controle. Os resultados mostraram 
alterações histopatológicas evidenciando lesão de furca no molar inferior (dente antagonista), 
com aumento da densidade de células de núcleo arredondado imersas no ligamento periodontal 
(com pico no dia 4), células gigantes multinucleadas apareceram ao centro da lesão no dia 7, e, 
do dia 7 ao dia 14 ocorreu reabsorção óssea alveolar e de cemento com rápida expansão de 
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células gigantes multinucleadas, nesses tecidos mineralizados. Confirmando, portanto, a 
efetividade daquele modelo experimental. 
As respostas mecanobiológicas dos tecidos periodontais ocorrem a partir da 
absorção e da dissipação de estímulos mecânicos, que são gerados pelas forças aplicadas sobre 
a estrutura rígida do dente. Sendo o ligamento periodontal uma articulação membranosa entre 
a porção radicular do dente e o osso alveolar, ele atua na modulação da adaptação óssea 
(processo de remodelação) frente a tensões mecânicas, a exemplo de forças de movimentação 
ortodôntica e trauma de oclusão. O ligamento periodontal atua dissipando as forças aplicadas 
sobre os dentes, em direção aos tecidos mineralizados aos quais se ancora (cemento e osso 
alveolar), gerando forças de tensão e de compressão (Dutra et al., 2016). Essa dinâmica é capaz 
de promover alterações em micronível (molecular e celular), que repercutem com efeitos em 
macroescala (variação da estrutura interna do osso e forma externa) (Lekszycki, 2005). Porém, 
os mecanismos que controlam esses processos mecanobiológicos continuam pouco 
compreendidos (Lekszycki, 2005; Boyce e Xing, 2007). 
Do ponto de vista macroscópico, o diagnóstico daquelas reabsorções radiculares 
que não são detectadas ao exame clínico intraoral são, na maioria das vezes, perceptíveis por 
meio de exames de imagens (Tronstad, 1988; Cholia et al., 2005) 
Estudos histopatológicos e imuno-histoquímicos têm sido utilizados para analisar o 
comportamento celular, nos tecidos de suporte do periodonto, e os mecanismos moleculares de 
reabsorções patológicas que guardam relação com condições de traumas de oclusão e 
movimentos ortodônticos (McCulloch et al., 2000; Walker et al., 2008; Fujii et al, 2014; 
Nakatsu et al., 2014). 
Atualmente, a análise de elementos finitos pode ser empregada para avaliar a 
mecanobiologia dos tecidos em associação com estudos histopatológicos e imuno-
histoquímicos e permite compreender a dissipação de forças de tensão e de compressão, 
aplicadas sobre os tecidos periodontais reconstruídos, tridimensionalmente, in silico (Viecilli 
et al., 2008; Cattaneo et al., 2009; Poiate et al., 2009). 
Pesquisas histológicas, sobre os efeitos de diferentes estímulos mecânicos no 
periodonto, a exemplo do estresse mastigatório, movimentos ortodônticos e do trauma oclusal 
(Shiraishi et al., 2001; Viecilli et al., 2013; Nakatsu et al., 2014) evidenciam o processo 
fisiológico da remodelação óssea e também processos de reabsorções patológicas do cemento 
e do osso alveolar. Por sua vez, o método dos elementos finitos, no sentido de analisar estresses 
estruturais biomecânicos, tem se mostrado como uma técnica de alta precisão (Viecilli et al., 
2013; Chou et al., 2015; Omori et al., 2015; Santos et al., 2015; Toro-Ibacache et al., 2016). 
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Nesse sentido, o método de elementos finitos é uma ferramenta útil na análise do 
estresse mecanobiológico que incide sobre as estruturas rígidas do periodonto que geram 
repercussões em nível celular e tecidual (Rudolph et al., 2001; Poiate et al., 2009). 
O objetivo deste estudo foi avaliar a resposta mecanobiológica do tecido dental 
radicular, em primeiro molar inferior de ratos, submetidos à condição experimental de trauma 
oclusal dental. 
 
2 ARTIGO: Mechanobiological analysis of rat root tissue with occlusal trauma 
Artigo submetido ao periódico: Journal of Applied Oral Science (Anexo 1). 
ABSTRACT 
Tooth and periodontium are continuously subjected to mechanical forces capable of stimulating 
processes of bone remodeling. However, mechanical overloads directed to the periodontal 
tissues can promote pathological alterations, such as bone loss and root resorption. In order to 
evaluate the mechanobiological response of dental root tissue in the first molar of rats submitted 
to the experimental condition of occlusal dental trauma, fifteen male Wistar rats were randomly 
divided into two groups, an experimental group (n=10) and the control group (n=5). A set of 
resin and fragment of orthodontic wire was placed in the upper right first molar of each rat of 
the experimental group, in order to establish occlusal trauma condition. The experimental group 
was divided into two subgroups, according to the date of euthanasia, which was 7 days (n=5) 
and 14 days (n=5), after the installation of the traumatic device. The control group was not 
submitted to occlusal trauma and their subjects were euthanized on the 14th day, together with 
an experimental subgroup. Histological samples were obtained from the lower right first molars 
and the periodontium of the rats. The finite element model was used to simulate occlusal 
overload (40 N) and to simulate normal occlusion (20 N). The results demonstrated 
compatibility between the pattern of external root resorption and the finite element analysis. 
The most affected areas were furcation region and distal root cementum of lower right first 
molars, in the experimental group. There was no significant change in the control group. The 
comparative mechanobiological evaluation between the findings of the finite element analysis 
and the histological findings show similarities in areas affected by the computationally 
simulated tensions and the areas of histological external root resorption. In addition to occlusal 
overloads, other variables such as tooth morphology and mandibular movements may interfere 
with biomechanical responses. 
Keywords: Traumatic dental occlusion; Finite Element Analysis; Root resorption. 
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1 INTRODUCTION 
The periodontal ligament (PDL) is the only tissue that joins two different 
mineralized tissues – the alveolar bone and the cementum, providing an important mechanism 
of absorbing forces generated by the masticatory effort (Nozaki et al., 2010; Foster et al., 2017). 
Mechanical stimuli on the rigid tooth structure are absorbed, dissipated by the PDL 
(Dutra et al., 2016) and promote functional adaptation and renewal in the bone. This renewal 
consists of bone remodeling, responding to the mechanical stresses in the bone tissue. It is a 
complex, highly organized and regulated process and it is composed of events in micro-level 
(molecular and cellular) that have repercussions with macroscale effects (variation of internal 
bone structure and external shape). However, the mechanisms controlling its initiation, 
progression, and cessation remain poorly understood (Lekszycki, 2005; Boyce & Xing, 2007). 
Functional adaptation of the alveolar bone, resulting from biomechanical stimuli 
such as orthodontic movement, traumatic occlusion and application of load on dental implants, 
can be clinically understood from in vivo and in vitro studies. (Romanos et al., 2002; Ho et al., 
2010; Lin et al., 2013; Lin et al., 2017). In these cases, histological and immunohistochemical 
studies suggest the important role of occlusion stimuli, in the maintenance of the functional 
alveolar structure and in the regulation of rat alveolar bone remodeling. (Enokida et al., 2005; 
Goto et al. 2011). 
Overloads exerted on tooth structure that exceed the ability of bone remodeling, 
induce biochemical pathways go towards periodontal hard tissues resorption (Viecilli et al., 
2008; Yamaguchi, 2009; Nakatsu et al., 2014). In this sense, occlusal trauma is an etiological 
factor responsible for starting biomechanical process that is associated to bone loss and tooth 
root resorption (Fujii et al., 2014; Nakatsu et al., 2014). 
Immunohistochemical mechanisms involving formation and activity of osteoclasts, 
odontoclasts and cementoclasts are not completely clear. However, these clastic cells are 
morphologically and functionally similar, and are responsible for resorption of mineralized 
tissue (bone, dentine and cementum) (Walker et al., 2008; Iglesias-Linares & Hartsfield, 2017; 
Li et al., 2017; Kaval et al., 2018). Fujii et al. (2014) established an in vivo model to study the 
response of periodontal tissues to excessive occlusal loading in mice, by observing 
histopathological changes. 
Indirectly, alveolar bone and dental cementum, through PDL, receive forces exerted 
on the teeth during mastication (Poiate et al., 2009; Naveh et al., 2012). This mechanical tension 
in the alveolar process is superior to that in the long bones when in function (Mavropoulos et 
al., 2010). The peak of functional stresses in long bones varies from less than −1000 microstrain 
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(με) during walking, and −2000 to −3000 με, during more vigorous activities, being able to 
reach peaks of −5000 με when galloping in horse racing (Fritton & Rubin, 2001; Ehrlich & 
Lanyon, 2002; Mavropoulos et al., 2010). Finite element analysis (FEA) indicates that during 
mastication, the tension in the alveolar bone can reach up −4000 to −6000 με, according to the 
consistency of food (Mavropoulos et al., 2010). 
These values represent the deformation that bone normally undergoes, while 
helping to define parameters, within which in vitro studies should be designed for in silico 
analysis. However, while these are the normal deformation parameters, the “active subset” of 
the deformation environment at which bone cells are actually responsive remains undefined and 
may be very different from the global deformation data determined from in vivo measurement 
(Ehrlich & Lanyon, 2002). 
According to Gunraj (1999), as a consequence of traumatic injuries, root resorption 
can occur as three different types: surface, inflammatory and replacement resorption. The 
surface (or transient) resorption is limited and occurs with any injury to the PDL or cementum. 
Its resorptive defect is usually very small, so that, on radiographic examination, it will likely 
appear normal. The inflammatory resorption is related to more severe cases of trauma, or in 
cases in which the resultant inflammatory response is more intense. In this type, the damage to 
the cementum is able to expose dentine to inflammatory resorptive cells (macrophages and 
osteoclasts) within the PDL and alveolar bone. Lastly, in dental injuries (luxation or avulsion) 
with loss of viability of PDL cells or extensive damage to the ligament occurred because of 
drying or inappropriate storage, complications during healing occur in the interface 
tooth/socket. So, instead of connective tissue cells participating in PDL repair, cells of the 
alveolar bone replace the periodontal attachment and continue to resorb the root, gradually 
replacing it with alveolar bone. 
The resorptive cells (osteoclasts, cementoclasts and odontoclasts) are necessary for 
physiological root resorption, during tooth eruption. On the other hand, if their activity produces 
permanent tooth internal or external resorption, irreversible damages to the tooth hard tissues 
will occur (Wang & McCauley, 2011). 
The aim of this study was to evaluate the mechanobiology of root dental tissue, in 
lower first molar of rats, underwent to experimental condition of traumatic occlusion. 
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2 MATERIALS AND METHODS 
This study was approved by the Committee for Ethics in Animal Experimentation 
of the Institute of Biology/State University of Campinas (Protocol number CEUA-IB-
UNICAMP-3661-1). 
2.1 Sample characterization 
Fifteen male Wistar rats (Rattus norvegicus albinus), weighing about 250–350 g, 
obtained from Multidisciplinary Center for Biological Research (CEMIB) of the State 
University of Campinas (Campinas, São Paulo, Brazil), were kept in group of five individuals 
per cage, with controlled temperature (22 ± 2°C) and light-dark cycle (12/12h) and free access 
to water and feed. All experiments were conducted in accordance to the guidelines of National 
Council for Control of Animal Experimentation (CONCEA). The animals were randomly 
divided in two groups. The experimental group was designed according to Rossi et al. (2017). 
In order to establish a condition of dental occlusal trauma, a fragment of orthodontic 
wire of 1 mm in diameter was unilaterally cemented with composite (Fill Magic®–Vigodent, 
Brazil), in ten rats (upper right first molar). This experimental group with 10 individuals (group 
1, n=10) was divided in two subgroups (n=5). Five of those animals were euthanized 7 days 
after placing a wire/composite set on the occlusal surface of their upper right first molars. The 
other five rats, under the same condition of experimental occlusal trauma, were euthanized 14 
days after the installation of the wire/composite set. 
The animals of the control group (group 2, n=5) had their teeth kept without the 
experimental occlusal trauma condition (wire/composite sets were not placed). 
2.2 Procedures 
The procedure was carried out under general anesthesia using injection of ketamine 
hydrochloride (40-87 mg/kg) (Dopalen®, Agribrands Brazil Ltda., Paulínia, São Paulo, Brazil), 
by intraperitoneal injection, and muscle relaxant xylazine hydrochloride (5-13 mg/kg) 
(Anasedan®, Sespo Ind. Co. Ltda, Paulínia, São Paulo, Brazil), by intramuscular injection. The 
condition of traumatic occlusion was performed by placing a wire/composite set on oclusal 
surface of upper right first molar in the animals of group 1. This technique was adapted from 
Kumazawa et al. (1995), according to Rossi et al. (2017). 
2.2.1 Sample preparation and histological examination 
At 7 and 14 days after placing wire/composite sets, the rats of group 1 (experimental 
group) were euthanized by excessive anesthesia. The five animals of control group were also 
euthanized at 14 days. The heads were disarticulated, dissected to separate mandibles, then, 
fixed in 10% neutral buffered formalin solution, during 24h at 4ºC. The 15 mandibles were 
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demineralized in 5% EDTA (Life Science Research Products. AMRESCO Products) for 42 
days, dehydrated in increasing series of alcohol and embedded in paraffin. Buccolingual serial 
sections of 6 μm thickness were prepared (rotary microtome Leica RM2235, Leica Systems, 
USA) and stained in hematoxylin-eosin (H&E). 
Histological changes of the root cementum of the lower right first molar and its 
surrounding periodontal tissues were observed under a light microscope connected to a camera 
(Nikon Eclipse 80i, Shinagawa, Tokyo, Japan). In order to evaluate the root cementum tissue 
the histological images obtained were delimited by two yellow dashed lines that divide each 
image in three anatomical thirds: mesial root (one third), furcation site (one third) and distal 
root (one third). 
2.3 Finite element analysis 
2.3.1 Geometry acquisition 
To obtain a high accurate geometry in a microscopic level, the structures were 
reduced to the upper and lower first molars and their support structures (alveolar bone and 
periodontal ligament). From micro-CT images, the 3D surfaces were constructed using the 
software Materialise MIMICS Research v18 (Materialise, Leuven, Belgium). The surfaces were 
obtained from segmentation based in the pixel marking by gray values threshold. The final 
structure was composed by alveolar bone (supporting the upper and lower first molars), filled 
periodontal and pulpal spaces (representing the periodontal ligament and pulp) and the upper 
and lower molar teeth. To construct the geometry of the experimental group, the 3D surfaces 
of resin and orthodontic wire fragment cemented on the upper right first molar were created 
using the CAD software Rhinoceros 3D 5.0 (McNeel & Associates, USA). Thus, two groups 
of 3D surfaces were designed featuring the control and experimental groups (figure 1). To 
conclude the geometry acquisition, all 3D surfaces were exported as stereolithographic format 
(STL). 
2.3.2 Finite element model and FEA 
The two groups of 3D surfaces were imported in the software Materialise 3-Matic 
Research v10 (Materialise, Leuven, Belgium), where the surfaces were converted to volumetric 
meshes (FE meshes), composed by tetrahedral elements (figure 1). 
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Figure 1. Geometries of control (normal occlusion) and experimental (occlusal overload by premature 
contact – note the presence of cemented orthodontic wire fragment) groups. The finite element mesh 
(FE mesh) shows the tetrahedral elements of control group. The black arrow represents the biting force 
of control group (20 N) and experimental group (40 N) during the simulation. The force was simulated 
on the Z axis. 
 
The models were imported in the software Ansys v17 Structural Mechanics (Ansys, 
Inc., USA) and the structures were assigned according to their mechanical properties (table 1), 
which all models were considered as linear elastic and isotropic. 
 
Table 1. Mechanical properties containing the elastic modulus (in MPa) and Poisson’s ratio. 
Structures 
Mechanical Properties 
Elastic modulus Poisson’s ratio 
Tooth1 30000 0.3 
Periodontal ligament2 50 0.4 
Pulp2 2 0.4 
Alveolar bone1 19920 0.3 
Resin3 16600 0.24 
Stainless steel (wire fragment)4 19500 0.3 
¹Cox et al., 2012 
²Rayfield, 2017 
³Willems et al., 1992 
4Ansys v17 database 
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The analysis was set to simulate a molar biting in normal occlusion (control group; 
figure 1) and traumatic overload occlusion (experimental group; figure 1). Furthermore, the 
molar bite force was set as 20 N magnitude directed to the upper right first molar, which features 
the normal occlusal contact, i.e. without significant bone remodeling changes (Nozaki et al., 
2010). In the occlusal overload condition, the lower right first molar was directed to the upper 
molar on the premature contact (cemented orthodontic wire) with a bite force set as 40 N, 
featuring the dental traumatic occlusion, whose effects were described (Nozaki et al., 2010). 
Restraints were applied on the cutting planes of the blocks to keep the stability of models during 
biting force action. 
After processing stage the results were obtained from the calculation of the 
minimum principal strain, which the values mean the compressive strain in the structure. In 
order to evaluate the results, a region of interest (ROI) was determined: the dental structure of 
mesial root, furcation site and distal root in contact to the periodontal tissue (ROI). The pulp 
tissue was also evaluated. The compressive strains were evaluated qualitatively following an 
interval of strain values scale, which are expressed by negative values of microstrain (µε). The 
compressive strain configuration in the dental tissue allows to figure out the mechanical 
influence in biological response. Thus, the results from FEA were associated to the histological 
characterization analysis. 
 
3 RESULTS 
3.1 Finite element analysis 
Regarding the compressive strain in all molar structure, the control group presented 
lower compressive strains and uniform distribution whereas the experimental group presented 
higher compressive strain and non-uniform distribution. The figure 2 (Experimental) shows 
high compression on the dental occlusal surface and pulp tissue. 
According to the ROI in the control group, the mesial root presented the lowest 
compressive strains ranging from -9 × 10-4 µε to -1.5 × 10-3 µε. The furcation site presented 
compressive strains ranging from -9 × 10-4 µε to -2 × 10-3 µε and the distal root presented the 
highest compressive strains ranging from -9 × 10-4 µε to -2.5 × 10-3 µε. 
In the experimental group, at the occlusal surface the highest compressive strain 
areas are located in the mesial side. According to the ROI – the roots and furcation site – the 
distal root presented the highest compressive strain ranging from -1.5 × 10-3 µε to -3.5 × 10-3 
µε, the furcation site presented compressive strain ranging from -1.5 × 10-3 µε to -2.5 × 10-3 µε 
and the mesial root presented the lowest compressive strain ranging from -9 × 10-4 µε to -2 × 
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10-3 µε. The pulp tissue presented higher strain in the distal root canal than in the mesial root 
canal (figure 2). 
 
 
Figure 2. Minimum principal strain results of control and experimental groups in longitudinal cut view, which 
was located at the central site of the tooth. The negative values indicate compressive strains and each color indicate 
interval of values. In exception of minimum and maximum values, all intermediary values are the same in both 
scales. The red dashed area indicates the region of interest (ROI). 
 
The computational results from FEA presented the increase of compressive strains 
in the condition of occlusal trauma and the presence of root resorption in the histologic group. 
These findings are important to establish the relation between the mechanical and histological 
changes in this situation. 
 
3.2 Histological analysis 
The histological analyses are shown in figure 3. The samples from the control group 
showed histological signs of maintenance of the anatomical conformation and continuity of the 
root cementum (figure 3-A). 
On the other hand, samples from the 7 and 14-day subgroups (figure 3 – B and C, 
respectively) showed signs of cementum resorption. It is possible to examine, in these two 
samples, inflammatory infiltrate in the periodontal ligament and in the pulpal tissue (Figure 3-
C, distal root). The black arrows point to agglomerations of cementoclasts, where external root 
resorption occurred. 
As the histological images of the region of interest (ROI) are two-dimensional, they 
were delimited into three thirds: mesial, middle (highlighting the furcation site) and distal. 
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Figure 3. Histological findings in the region of interest (ROI) of the control group (A), sample of the 7-day 
experimental subgroup (B) and sample of the 14-day experimental subgroup (C). Region of the periodontium 
apparatus of lower right first molar. Each sample is divided in three thirds, and the yellow dashed line seen on the 
left, delimits mesial root; between the two yellow dashed lines it is seen the furcation region, and the yellow dashed 
line seen on the right delimits distal root. (H&E, original magnification, ×5) 
 
4 DISCUSSION 
Mechanical stimuli on the tooth establish a chain reaction called 
mechanotransduction, mediated by certain cells of periodontal tissues, once the periodontal 
ligament dissipates the loads (Wan et al., 2012; Dutra et al., 2016). The physical stimulus is 
detected by cells that convert it into biochemical signal, starting bone remodeling or even 
activating clastic cells (e.g., osteoclasts and cementoclasts) responsible for bone loss and root 
resorption (Wan et al., 2012; Fujii et al., 2014; Babaji et al., 2017). 
Root resorptions may occur due to physiological process (when primary teeth are 
undergoing exfoliation), local factors (e.g., occlusal trauma, orthodontic pressure) and systemic 
condition (e.g., tumor pressure, Paget’s disease). But it is also possible to come across with 
idiopathic root resorptions (Yusof & Ghazali, 1989; Cholia et al., 2005). 
In the current study, control group (figure 3-A) did not present resorptive lacunae 
in tooth hard tissues (dentine/cementum), while the experimental specimens (figure 3-B and C) 
showed cementum resorption strongly concentrated in middle and in distal thirds of the ROI. 
External root resorption associated to occlusal trauma has been reported in other studies (Yusof 
& Ghazali, 1989; Gunraj, 1999; Fuss et al., 2003; Cholia et al., 2005). 
Comparing the 7-day group (figure 3-B) to the 14-day group (figure 3-C), the gaps 
created by cementoclasts are more evident in figure 3-C than in figure 3-B, probably due to the 
maintenance of inflammatory response (Graves, 2008; Huynh et al., 2017). 
Many studies concerning occlusal trauma have demonstrated that overloads are able 
to generate bone loss and/or root resorption (Kantor et al., 1976; Ne et al., 1999; Boyce & Xing, 
2007; Wan et al., 2012), however the molecular mechanism of osteoclastogenesis, 
cementoclastogenesis and odontoclastogenesis is still controversial (Ne et al., 1999; Oka et al. 
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2007; Walker et al., 2008; Kumar, 2013; Babaji et al., 2017; Li et al., 2017; Iglesias-Linares & 
Hartsfield, 2017; Kaval et al., 2018). 
Regarding de high strain distribution in the distal root pulp in our finite element 
analysis, it is possible to assume that the pulpal mechanobiological response may be somehow 
associated to the external root resorption. This assumption seems to be reasonable once inside 
dentin tubules there are odontoblasts able to secret RANKL molecules, then stimulating 
cementoclastogensis (Goldberg et al., 2011; Sojod et al., 2017). 
In the present research, finite element analysis (FEA) was performed in order to 
evaluate the compressive strain distribution along the furcation and roots of a rat lower right 
first molar model. 
Loads were applied to simulate normal occlusion force (set in 20 N) and 
experimental traumatic occlusion (set in 40 N). 
The FEA demonstrated that the control group simulation presented lower 
compressive strains and uniform distribution (figure 2; graphically represented in blue). This 
result is related to the preservation of normal occlusal anatomy of control group. On the other 
hand, the experimental group presented higher compressive strain and non-uniform 
distribution. This finding is represent by the wide variation of colors in the graphic (figure 2). 
The experimental finite element model, seen in figure 2, shows high compression 
on the dental occlusal surface and pulp tissue. This finding seems to be related to the anatomy 
of the rat molars and its physiological mandible movements. 
The elliptical path of the mandible results in upward and forward movement of the 
mandibular molars during mastication (Hiiemäe & Ardran, 1968; Weijs, 1975). The opposing 
maxillary molars are speculated to displace both vertically into and mesially within the alveolar 
socket (Lin et al., 2013). This theory is compatible with our findings in the finite element model 
that demonstrated occlusal trauma on the anterior region of the mesial cusp, generating high 
stress in the mesial side of the tooth and in the furcation region. 
Our FEA results, concerning de ROI (figure 2), indicate that the highest 
compressive strains affected distal (ranging from -1.5 × 10-3 με to -3.5 × 10-3 με) and middle 
thirds (ranging from -1.5 × 10-3 μƐ to -2.5 × 10-3 μƐ). Whereas, the mesial third presented the 
lowest compressive strain ranging from -9 × 10-4 με to -2 × 10-3 με. These findings may be 
explained by the rat physiological movements of the mandible, during mastication under 
premature contact (causing occlusal trauma), which corroborate to previous studies (Hiiemäe 
& Ardran, 1968; Weijs, 1975; Lin et al., 2013). 
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Another observation was the pulp tissue also presented higher strain in the distal 
root canal than the mesial root canal (figure 2). This finding may suggest, in such conditions, 
that occlusal trauma can cause pulpal mechanobiological response. 
In the present study, the histological findings indicate external root resorption most 
affected middle and distal thirds (figure 3-A, B and C). The FEA results show higher 
compressive strain distribution in experimental model than in control group. 
The present FEA shows the load applied on the lower right first molar, initially 
through a premature contact in the finite element model (experimental model), generated 
compressive strains strongly concentrated on the mesial side of the occlusal surface, and also 
in the furcation and distal root. These finding have showed results that may be cautiously 
compared to those of other studies (Jeon et al., 1999; Li et al., 2007; Roscoe et al., 2014), 
considering that cervical third of the root seemed to be at higher risk of root resorption. 
However, Jeon et al. (1999), Li et al. (2007) and Roscoe et al. (2014) had studied orthodontic 
forces, instead of occlusal trauma in lower first molars of rats. 
The strains observed in the tooth roots (ROI) of our finite element model (FEM) 
can be compared to our histological findings, as seen in both figures 2 and 3. The histological 
findings present root resorption and inflammatory process among components of periodontal 
ligament. According to Dorow & Sander (2005), root resorption depends on individual 
biological effects, but the forces directly applied on the tooth play an import role in cases of 
root resorption. Those authors also state, considering their results, that resorption occurred 
when the hydrostatic stress exceeded capillary blood pressure in the periodontal ligament. Other 
two conditions must be considered that may cause a pattern of root resorption when teeth are 
undergoing occlusal trauma: the tooth morphology and the physiological mandible movements 
(Hiiemäe & Ardran, 1968; Weijs, 1975; Lin et al., 2013). 
Kamble et al. (2012) investigated stress distribution in the roots of human upper 
central incisors with various types of root morphologies. They simulated orthodontic forces for 
different tooth movement using the FEM. Even though they had studied teeth without furcation, 
they analyzed the stress distribution pattern indicates that the maxillary central incisors with 
deviated root morphology are at higher risk of root resorption. 
Comparing the FEA results (figure 2) to the external root resorption (seen in figure 
3-B and C), it is possible to compare the teeth areas with extensive loss of rigid structure 
(cementum) to those areas of the computational analysis (compressive strain areas). 
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The present FEA results allow us to hypothesize how the dissipation of stress and 
tension generated by overloads occurs, seeming to be useful for understanding in histological 
examinations of mechanobiological responses to occlusal trauma. 
Depending on the mechanical stimuli, bone remodeling or bone loss and root 
resorption will occur as local effects (Walker et al., 2008; Dutra et al., 2016). Considering this, 
it is possible to infer that anatomical shape of tooth root can be related to the manner of the 
rigid dental structure receives the loads and then how periodontal ligament dissipates the stress 
towards alveolar bone and cementum. 
Therefore, in addition to the forces exerted on the teeth, other conditions shall be 
studied, such as the influence of the root morphology of the teeth and the influence of 
physiological mandibular movements. 
There is a lack of research on evaluating occlusal trauma and its repercussions in 
the periodontal tissues, by means of the analysis of finite elements and histological studies, 
simultaneously. 
 
5 CONCLUSION 
The present comparative mechanobiological evaluation between the finite element 
analysis and the histological findings shows similarities regarding the areas affected by high 
compressive strains, computationally, simulated and the areas of external root resorption. 
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3 CONCLUSÃO 
A reabsorção radicular externa foi diagnosticada histologicamente, no presente 
estudo, envolvendo região de furca e cemento de raiz distal; sendo compatível com os achados 
do trauma de oclusão simulado computacionalmente com elementos finitos. 
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ANEXO 2 - Certificação do Comitê de Ética (continuação) 
 
